Abstract: Thermophysical properties of 1-butyl-3-methylimidazolium dicyanamide [BMIM][DCA] {(p, ρ, T) data at T = (283.15 to 393.15) K, pressures up to p =100 MPa, and viscosity at T = (283.15 to 373.15) K and p = 0.101 MPa} are reported with an estimated experimental relative combined standard uncertainty of Δρ/ρ = ±(0.01 to 0.08) % in density and Δη/η = ±0.35 % in dynamic viscosity. The measurements were carried out with a recently constructed Anton-Paar DMA HPM vibration-tube densimeter and a fully automated SVM 3000 Anton-Paar rotational Stabinger viscometer. The vibration-tube densimeter was calibrated using doubledistilled water, methanol, toluene and aqueous NaCl solutions. An empiric equation of state for fi tting of the (p, ρ, T) data of [BMIM][DCA] has been developed as a function of pressure and temperature. This equation was used for the calculation of thermomechanical properties of the IL, such as isothermal compressibility, isobaric thermal expansibility, differences in isobaric and isochoric heat capacities, thermal pressure coeffi cient and internal pressure. Viscosity measurements were fi tted to the polynomial equation.
Introduction
An ionic liquid (ILs) is a salt in the liquid state. In some contexts, the term has been restricted to salts whose melting points are below some arbitrary temperature, such as 100 °C, or even room temperature. ILs are excellent solvents for a broad range of polar organic compounds and they show partial miscibility with aromatic hydrocarbons. As is well known the ILs have been suggested as potentially "green" replacements for conventional organic solvents since they are nonfl ammable, thermal stable, recyclable and have negligible vapor pressure. But, the same time the green character of ILs is not true for all the possible ionic liquids, recent studies are rising important issues about the toxicity, biodegradability and other relevant aspects of these fl uids. The main application of ILs is located in the following segments at present: in chemical processing and fi ne chemicals as solvents for organic, organometallic syntheses, homogeneous and heterogeneous catalysis; in electrochemistry and electrolytes; in polymer and biopolymer processing; in metal processing; in engineering and functional fl uids and separation processes. They are claimed to be useful as heat transfer fl uids in solar heating and absorption refrigerating systems (Wu et al., 2001; Valkenburg et al., 2005; Kim et al., 2003) . Their applications are successful also in fuel, solar cells, as lubricants and biological reactions media. Beside these, ILs are also applicable for the stationary phase in chromatography, matrices in mass spectrometry, supporting immobilization of enzymes, in separation technologies, liquid crystals, templates in the synthesis of mesoporous, nano-materials and ordered fi lms, materials for embalming and tissue preservation (Dupont, 2004) . Scientifi c and technological interest in the properties of room-temperature ILs is rapidly increasing (Rogers and Seddon, 2003; Wasserscheid and Welton, 2003; Deetlefs and Seddon, 2006; MacFarlane and Seddon, 2007) . Thermodynamic properties of ILs, their mixtures, and non-aqueous mixtures containing ILs were reviewed recently by Heintz (2005) and Aparicio (Aparicio et al., 2010) . This work is a continuation of our investigations in the fi eld of (p, ρ, T) properties of ionic liquids (Tekin et al., 2007; Safarov and Hassel, 2010; Safarov et al., 2011) . Included are the (p, ρ, T) properties of [BMIM] [DCA] at T = (283.15 to 393.15) K, at pressures up to p = 100 MPa, and viscosity measurements at T = (278.15 to 373.15) K, at pressures p = 0.101 MPa. The (p, ρ, T) properties were measured using a vibration tube densimeter and viscosity in a fully automated SVM 3000 Anton-Paar rotational Stabinger viscometer (method description follows). Literature analysis (Fredlake et al., 2004 , Stoppa et al., 2009 Sánchez et al., 2009; Carvalho et al., 2010; Zech et al., 2010; Nieto de Castro et al., 2010) showed the need for careful measurements of thermophysical properties of 1-butyl-3-methylimidazolium dicyanamide: The fi rst research work dedicated to the density of [BMIM] [DCA] was carried out by Fredlake et al., in 2004 . They used 1 mL pycnometers for the measurements at T = (296.15 to 333.65) K and ambient pressure. The IL was synthesized at laboratory conditions. The IL was dried with stirring at 70 °C for 48 h under a vacuum of approximately 0.01 Pa. The water content determined by Karl Fisher titration was 5150 ppm. Calibration experiments indicated the accuracy of the measurements to be within 0.4 %. Stoppa et al., in 2009 , carried out the density measurement of [BMIM] [DCA] at T = 298.15 ± 0.02 K. The vibrating tube densimeter (Anton Paar DMA 60, DMA 601HT) used during the experiments was calibrated with degassed water and purifi ed nitrogen at atmospheric pressure. The IL was dried at a high-vacuum line (p < 10 -8 bar) for 7 days at ≈ 40 °C prior to use. Water mass fractions were always <50 ppm. The precision of the measurements was ±0.001 kg·m -3 . Taking into account the sources of error (calibration, measurement, purity of materials), the uncertainty of ρ was estimated to be within ±0.05 kg·m -3 . Sánchez et al., in 2009 , investigated the density and viscosity of [BMIM] [DCA] at atmospheric pressure using a densimeter (Anton Paar DMA 5000), which was calibrated with high purity water standard provided by Anton Paar. Kinetic viscosities of the ionic liquids were measured at atmospheric pressure using Ubbelohde-type viscometers purchased from Schott. Given the large range of viscosity and temperatures measured, three capillaries were used. The IL was supplied from Merck (grade purum ≥0.97 and water content ≤2000 ppm). The uncertainty in the density measurement was estimated to be ±0.1 kg·m -3 and in the absolute viscosity η to be ±1 %. Carvalho et al., in 2010 [DCA] . The (p, ρ, T) data were obtained using a high-pressure Anton Paar DMA HP cell up to 60 MPa and at T = (293.15 to 393.15) K. In this paper, the infi nite dilution diffusion coeffi cients, using the Taylor dispersion method, heat capacity, using DSC equipment and surface tension, using the Wilhelmy plate method also were analysed. The ambient pressure density results of [BMIM] [DCA] in literature do not have a wide temperature interval and also some literature results do not have high quality. The (p, ρ, T) measurements of [BMIM] [DCA] in (Nieto de Castro et al., 2010) were carried out using the old version of Anton-Paar instrument (DMA 60) at pressures up to 60 MPa. Authors of (Nieto de Castro et al., 2010) used the Tait equation for the every isotherm separately without interpolation of not measured isotherms. Therefore, it was necessary to carry out experimental (p, ρ, T) measurements of [BMIM] [DCA] in a wide range of temperatures and pressures, including temperatures below ambient temperature. We measured the (p, ρ, T) properties of [BMIM] [DCA] at T = (283.15 to 393.15) K and at pressures p = (0.101 to 100) MPa using a last model of high pressure -high temperature vibrating tube den-simeter DMA HPM from Anton-Paar. Densities and dynamic viscosities of [BMIM] [DCA] at ambient pressure, at temperatures T = (283.15 to 363.15) K were measured using Anton-Paar DMA 4500 vibrating tube densimeter, and SVM 3000 Stabinger Viscometer, respectively.
Experimental
The (p, ρ, T) measurements were carried out using a new modernized high pressure -high temperature Anton-Paar DMA HPM vibrating tube densimeter Guliyev et al., 2009; Nabiyev et al., 2009) . Density measurements with a vibrating tube are based on the dependence of the period of oscillation of a unilaterally fi xed U-tube (Hastelloy C -276) on its mass. This mass consists of the Utube material and the mass of the fl uid fi lled into the U-tube. The temperature in the measuring cell, where located the U-tube, was controlled using a thermostat (F32 -ME Julabo, Germany) with an error of ±10 mK and was measured using the (ITS-90) Pt100 thermometer (Type 2141) with an experimental error of ±15 mK. Pressure was measured by pressure transmitter P-10 (WIKA Alexander Wiegand GmbH & Co., Germany) with a relative uncertainty of 0.1 % of the measured value. The density measurements at ambient pressure were carried out using the Anton-Paar DMA 4500 densimeter with an uncertainty of ±0.01 K. The DMA 4500 density meter combines the wellknown Anton Paar U-tube measuring principle with the patented reference oscillator and a high-precision Platinum thermometer. The overall uncertainty of the experimental density measurements at ambient pressure was better than ±1⋅10 -4 g·cm −3
. The dynamic viscosity of [BMIM] [DCA] were measured using an automated SVM 3000 Anton Paar rotational Stabinger viscometer with a cylinder geometry (http://www.anton-paar.com). The viscometer is based on a modifi ed Couette principle with a rapidly rotating outer tube and an inner measuring bob which rotates more slowly. A rotating magnet in the SVM 3000 produces an eddy current fi eld with an exact speed-dependent brake torque. The eddy current torque is measured with extremely high resolution. Combined with the integrated thermoelectric thermostatting, this ensures unparalleled precision. The very small measuring cell contains a tube which rotates at a constant speed. This tube is fi lled with the sample. Floating in the sample is a measuring rotor with a built-in magnet. Shortly after the start of the measurement the rotor reaches a stable speed. This is determined by the equilibrium between the effect of the eddy current brake and the shear forces at work in the sample. The dynamic viscosity is calculated from the rotor speed (http://www.anton-paar.com). 1-butyl-3-methylimidazolium dicyanamide was purchased from Ionic Liquids Technologies GmbH, Germany (Product Code IL-0010-HP, 448245-52-1, Purity ≥ 98.0 %). It was purifi ed by applying a low-pressure vacuum of (1 to 10) Pa at temperature T = 398.15 K during 48 h using the magnet stirring. This removed the water and other volatile impurities. The water concentration of dried IL was determined through Karl Fisher titration and they were less than mass fraction 3·10 -4 . The sample in the oscillating tube is part of a complex system. The force of inertia shear forces occurs on the wall, infl uencing the resonant frequency of the oscillator. If samples of higher viscosities are measured one notices that the displayed density is too high. Up to a certain level, this error is a function of viscosity (Fitzgerald, 1992; Stabinger, 1994) . The behavior can be explained by considering a segment of the oscillator in motion. Investigating a "slice" of sample one fi nds that both translational and rotational movements take place. The force required to keep the slice rotating is introduced by shear forces on the wall. As the viscosity increases, an increasing part will rotate until the whole slice rotates like a solid body (Stabinger, 1994) . The momentum of inertia of the rotated section when added to the force of inertia of the movement of translation, simulates a higher mass with respect to volume, and so a higher density. A correction can easily be performed if the form of the error curve and the sample viscosity are known (Fitzgerald, 1992; Stabinger, 1994) . The viscosity correction (ρ HPM -ρ)/ρ HPM (Segovia et al. 2009) (Sánchez et al., 2009; Carvalho et al., 2010) , but no high pressure results. In this case, presented high pressures density values in this work are without viscosity corrections. The mPDS2000V3 control unit displays the vibration period to seven digits. According to the specifications of Anton -Paar and calibration procedures the observed repeatability of the density measurements at temperatures T = (283.15 to 393.15) K and pressures up to p = 100 MPa is within Δρ = ±(0.1 to 0.3) kg⋅m -3 or Δρ/ρ = ±(0.01 to 0.03) %. But the described viscosity correction problems increase the possible uncertainty of the density measurements of the present work. Thus the uncertainty of the density measurements can be predicted to be between Δρ/ρ = ±(0.01 to 0.08) %. (1) from ref. (Safarov, 2003) :
Results and discussion
(1)
where the coeffi cients of eq.1 A, B and C are functions of temperature.
The coeffi cients a i , b i and c i of the eq. 2 are given in Table 4 together with the standard uncertainties of fi tting in Δρ = ± 0.14 kg m -3 standard, Δρ = ± 0.14 kg m -3 rootmean-square and Δρ = ± 0.36 kg m -3 maximum absolute deviation. Figures 1 and 2 show the plots of pressure p of [BMIM] [DCA] vs density ρ together with high pressure values of ref. (Nieto de Castro et al., 2010) and deviations of experimental density ρ of [BMIM] [DCA] from the calculated density ρ by eqs. 1 and 2 vs pressure p. Various thermal and caloric properties were calculated from the eq.1 using the related thermodynamic derivations (Safarov et al., 2010 (Safarov et al., , 2011 and the results of calculations are shown in Table  1 together with experimental (p, ρ, T) data and shown in Figure 3 . The viscosity results were fi tted to the empirical equation: .27 % deviation with our interpolated value at the experimental temperature of ref. (Fredlake et al., 2004) . One density value has been published by (Stoppa et al., 2009) at T = 298.15 K and ambient pressure. This value has Δρ/ρ = 0.052 % deviation with our measured value and is smaller than our value. Tab. 5. The standard, root-mean-square, absolute and average deviations of fi tting by eqs.1 and 2. (Fredlake et al., 2004) ; ■, (Stoppa et al., 2009 ); ▲, (Sánchez et al., 2009) ; , (Carvalho et al., 2010) ; □, (Zech, et al., 2010) ; Δ, (Nieto de Castro et al., 2010) .
The 16 experimental density and viscosity results of (Sánchez et al., 2009) (Sánchez et al., 2009; Carvalho et al., 2010) are shown in Figure 5 .
Conclusion
The (p, ρ, T) properties of [BMIM] [DCA] at wide range of temperature and pressures were measured using a new model of high pressure -high temperature vibrating tube densimeter. The viscosity of this IL also experimentally analysed using the SVM 3000 Stabinger viscometer. The thermomechanical properties, κ T , α p , γ, p int and the difference in isobaric and isochoric heat capacities c p -c v were calculated using the empirical equation of state in the temperature and pressure ranges. The isothermal compressibility κ T and thermal expansibility α p increase with temperature at constant pressure, and decrease with increasing pressure for all the isotherms, as expected.
The literature values of density and viscosity have been compared with our results and good agreements were obtained. □, our results; ▲, (Sánchez et al., 2009 ); , (Carvalho et al., 2010) ; __ calculated by eq. 3.
